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Chapter 8 Overview

1. Basics
Circuits with R, C, L with Alternating Current
Diodes

Additional Topics

Operational Amplifiers
Transistors - Basics
2- Transistor Circuits

e Noise
Field Effect Transistors
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. Additional Topics
o Filters

* \oltage Regulators
* Noise
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Noise

In: Chapter 8 - Additional Topics

* From a detector perspective

Based on H. Spieler, N. Wermes
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Types of Noise

- KIT

Karlsruhe Institute of Technology

» Distinguish different types of noise:

e Signal noise (better: signal fluctuations) inherent to a system

e Electronic noise

 EMI (electromagnetic interference)

| | introduced externally
RFI (radio frequency interference)

“pick-up noise” different for every system - often
depends on (changing) external
Often: common-mode noise conditions
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Why should you care?

Effect on detector SIQnals
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Aus H Spleler |n I Fleck et al. (eds) Handbook of Partlcle Detectlon and Imaglng, Springer (2020)
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Quantifying Noise ﬂ(IT

VaI’IaTIOn aFOund a mean Value Karlsruhe Institute of Technology
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* Noise Is a variation around a mean value
=> Integral over extended period = 0, characterized by variance log P (f)
Current variation <i2>, voltage variation <v2>

white noise

1/f - noise f Iog>f

thermal and shot noise

f log f

(b) Spectral poise density (schematic) as a function
(a) Current noise as alfunction of time. of frequency. f = freq uency

spectral noise power density:

dpP, 1d <v2> d (1%) * dp,
o R g = £l /0 i Y
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Electronlcs for Phys:c:sts W823/24 Analog Chapter 7 Frank Slmon (frank S|mon@k|t edu) |P= Dot Procesing 33

and Electronics



mailto:frank.simon@kit.edu

Noise Sources ﬂ(IT

GenefIC DeteCtOr & ReadOUt Karlsruhe Institute of Technology

— _——— ——————— — e E———— — — == — — — e ———
E— e ——m —_— — = —_— ——— . — ——— e —— == == —
— — = — = —_

S|gnal fluctuatlons electronlc noise
4 )

detecto

photon

pulse shaper

\_ particle

/\Hiscriminator

\ E = = hit

/ > signal

b back end
A electronics
I I N N N N PO N N
analogue pipeline
Kolanoski, Wermes 2015 trigger

The dominant electronic noise of a system is hidden in these parts
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Signal Fluctuations and Electronic Noise &(IT

SCGH&I’IOS Karlsruhe Institute of Technology

example: scintillator with SiPM / PMT readout

Vout A (a) Signal
Signall Baseline noise Signal + noise
/signal + noise
baseline / pedestal _I—A_ ‘A—
> Baseline Baseline Baseline
Kolanoski, Wermes 2015 t
Signal % Baseline noise —c) Signal + noise
Baseline Baseline Baseline

example: silicon detector

Aus H Spleler |n . Fleck et al. (eds) Handbook of Partlcle Detectlon and Imaglng, Springer (2020)
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Origin of Noise ﬂ(IT

F/UCtuathnS II‘I CUI’I’ent Karlsruhe Institute of Technology

e fluctuations in carrier emission over a barrier

Nev

. e fluctuations in trap / release processes
Acurrent | = P P

can fluctuate in/r

and in iry'veloci

 Brownian motion (thermal)

e e —_— = —_—
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Thermal Noise ﬂ(IT

JOhnSOn-NyQUISt NOIse Karlsruhe Institute of Technology

* Originates from thermal motion of charge carriers:
Introduces current fluctuations (and with that voltage fluctuations via a resistor)

Thermal power in equilibrium described by Planck’s law:

LB / /
L = (forhv < KT) = ,“/ — kT
dv exrp (I:TII{) 1 1 _I_ |
=> Power in a frequency interval Af independent of f: P = KT Af “white noise”

Thermal noise in a resistor:
Power from voltage generated by R1 on Rz: P12=v2/R

Voltage given by thermal fluctuations <v42>:

R =R R p ) ay—akRey ) =2y
<v2> 4R
] . 2
Numeric example: 1 k() Resistor: \/dfl? = 4\1/)% or \/d g} ) _ 4%
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Thermal Noise
Example of a MOSFE T

gate

source
metal

oxiae

drain

‘channel

o.". ...'- L
T p (orn)

_
d{(v?) = 4 kTy— df

Em

v dipg
(transconductance)

— e ———
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d(iy) = 4kTyg,, df

- I

Karlsruhe Institute of Technology

Y: adjustment factor:
2/3 In strong inversion

1/3 In weak Iinversion

W |nstitute for
I A Data Proce
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Shot Noise ﬂ(IT

POISSO” NOISG Karlsruhe Institute of Technology
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* Origin: Fluctuation of charge carrier injection in a device when quantisation plays a role
NB: Over a barrier - NOT present in ohmic resistor

6hode anode

Classic example: [ % . Applies equally to pn-boundaries (diodes, solid state detectors,...)
vacuum tube < e/h in depletion zone induce current pulses until recombination

=> current pulses = & functions - all frequencies contribute: white noise

+00
J L(Hdt =e =>die/df =2e (convention 0 <f<o ->-0<f<oo)

I d < i for infinitely narrow 7"11“0“ Clelvent eV
with this: noise term - = \/ze frequency slice df /

df

=> For a current with N electrons: average current | = Ne/t = Ne Af

2
N [d
(%) =) d]f (df)* = 2 Ne(df)? = 2e( Ne df )df 2

r Numeric example:
1 mA current:

A(i?
\/§f>=\/710=18 P

k=1

—— =—— = _—
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1/f Noise

Noise Sources
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* Wide range of different sources - generally from a superposition of relaxation processes with different time
constants.

Results in a power spectrum that scales with 1 / (a power of f):
spectral density

10 L[ J
1
of | “pink noise”

: i
0.01 superposition

_ of 10000 relaxation processes |

i with uniformly distributed E
0.001 } and equally spaced time constants *
0.0001} |

0.1 1 10 100 1000 10000
fr'equency arxXiv: phySICS/0204033
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Example: MOSFET

1/f Noise

gate

source drain

- I

Karlsruhe Institute of Technology

* Originates from trapping and release of
charges in gate oxide

 depends on gate area A=W x L

empirical parametrisation (e.g. PSPICE)

2
d<v1/f> S 1 1 Cl, = 2392 ~ ege/d
af Coe WL | KNMOS = 30 x 1025 J, KPMOS = 0,05-0.1 x KNMOS

B e e  _ e ——— —
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RTS Noise S(IT

NOISG SOUI’CGS Karlsruhe Institute of Technology
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e One source of 1/f noise

RTS noise: Random Telegraph Signal noise
also: “burst noise”, “popcorn noise”

Usually related to trapping/detrapping
processes.

Superposition of several different processes
with different trapping time results in a 1/
contribution.

Typically low frequency: Hard to filter out, can
be a significant challenge for low-noise devices. 0 20

A Data Processing
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Noise Sources - Summary

Three main drivers

4k
(%) == ~df

thermal fluctuations (Brownian motion)
velocity fluctuations

(i%) = 2e(i)df

fluctuations in hopping over a barrier (shot)

number fluctuations

1
2y — —d
(i“) = const T If

trap/release fluctuations of carriers
number fluctuations

Electronics for Physicists - W523/24 Analog Chapter 7
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thermal noise
(in resistors, transistor channels)

shot noise
(where currents due to barrier crossings
appear, €.g. in diodes, NOT in resistors )

1/f noise
(whenever trapping occurs,
e.g. in (MOS) transistor channels)

A rf'
W
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Describing Noisy Circuit Elements ﬂ(IT

Replacement CII’CUITS Karlsruhe Institute of Technology
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P
>
Ridea

- current
gg% <] > or g o

voltage
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Which Noise Source Contributes Where? ﬂ(IT

Back to the Detectors Karlsrune Institute of Technology

DETECTOR BIAS PREAMPLIFIER PULSE SHAPER

BIAS R,S |- - - - -

RESISTOR ! \ ! A
Pe | AN\ —o— / "

J\ C. K OUTPUT
DETECTOR Cd<:> .

from R L. Workman et aI (Partrcle Data Group) Prog Theor. Exp Phys 2022, 083C01 (2022)

—_— ———————
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Which Noise Source Contributes Where?

- I

Rep/acement d/agram for nOISe ana/ySIs Karlruhe Intitute of Technology
DETECTOR BIAS SERIES AMPLIFIER +

RESISTOR RESISTORA PULSE SHAPER

‘f’hww/ Nl
L RS S’mwﬂ fg.é [01/}2
shot noise from detector D typ. 'nef/// Al
(leakage) current thermal d<i2> = 4kT}’8m df

d(i7) = 2e 1, df 1/f d(i%) = f—df

noise in amplifier channel

from R L. Workman et aI (Partlcle Data Group) Prog Theor. Exp. Phys 2022, 083C01 (2022)

_— e — = P e e e —— =
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How Filters Influence Noise Effects

- KIT

Karlsruhe Institute of Technology
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DETECTOR BIAS

BIAS
RESISTOR Kb

Pe

DETECTOR CdG

>
b
e~

Simple shaper: CRRC

High-pass filter
“Differentiator”

Low-pass filter
“Integrator”

from preamp:
current integrator

Electronlcs for Phys:c:sts W823/24 Analog Chapter 7

Shaper: A Bandpass
shaping time T
(larger T = smaller bandwidth)

OUTPUT

1/f-noise ™y

srmal.and-shot nose

f log f

W Institute for 7 -
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Equivalent Noise Charge ﬂ(IT

Quantlfy/ng Detector System NOIse Karlsruhe Institute of Technology
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* Understanding the noise performance of a system: Expressing the noise in signal units
“How many electrons as signal would produce the noise voltage output behind the shaper?”

ENC — rloise outpur voltage [V] ENC? — (v3)
output signal of a signal of 1 e~ [V/e™] vs%g
_ 2.71)? 1 2kT C% /lo derivati
ENC? (¢™°) = ( I 20% K | D [w//o derivation]
() 4e? (e aT T 2&p Ay C’ WL K Om T

2 ~D
5 ~ 44000 @ (100F)
/nA ns W L/(um#) (100i) gm/ys @‘ns

‘ML 10}@ W”T/W/L gf&ﬂ?'md_ é’lfm-(_ ;'mpw/( CC{ﬂdél‘;VLCQ S&leﬁuf étzn» C
with: v =2/3, K; =33 x107?°J, and C!, = 6 {F/um?

from R L. Workman et aI (Partrcle Data Group) Prog Theor. Exp Phys 2022, 083C01 (2022)

—— ——— ———————
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Optimal Filters

Se/ectmg the right shap/ng tlme

e ssss————— — — = —_— e e — ——————— e — —

1 L D D I | 1 1 UL 1 1 L 1 1 UL
10000 N | | |

- KIT

Karlsruhe Institute of Technology

e shaping time can be
optimized to obtain the
smallest possible ENC
for a given combination
of noise contributions.

L
/

5000

)
S
-
-

1000

500

Equivalent noise charge (e-)

200
100 Y A Y D
0.01 0.1 1 10 100
Shapmg tlme (us)

—_— = — — ——
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Examples for realistic systems

Equrvalent norse charge

- AT

Karlsruhe Institute of Technology
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35 9 2. O 1 Examples Usmg (35 36) one ﬁnds for a typlcal plxel detector (before heavy irradi-
ation) with Cp = 200fF, I; = 1nA, 7=50ns, W = 20 um, L = 0.5 um, g,, = 0.5mS:

ENC? ~ (24e7)?

+ (17e—)2‘ +(25e7)?|  ~(40e7)?.

therm

shot

1/f

For a typlcalsﬂlcon ‘ﬂ r|after radiation damage (fluence > 10'*n.,/cm?, assum-
ing no degradation of the front-end electronics due to radiation) one obtains for Cp = 20 pF I; =
1uA, 7 =50ns, W = 2000 um, L = 0.4 um, g,,, = 5mS:

ENC? » (750¢")’ +(800e7)?|  ~{(1100e7)?

therm & *“' = -

+ (200 e_)2‘

shot 1/f

Apart from the larger leakage current, the larger capacitance of strips compared to pixels leads to
a much worse noise performance which can only be partially compensated by allowing more power
in the amplification transistor, ¢.e., by increasing g,,.

A liquid argon calorimeter cell'is a suitable example of a detector with a,large €electrode capa-
citance; with typical parameters (similar to the ATLAS central electromagnetic calorimeter, see
Sec. 35.10). Using Cp = 1.5nF, I; = <2pA, 7 = 50ns, W = 3000 um, L = 0.25 um, g,, = 100 mS,
one obtains:

ENC? ~ (1000 e™)?

+(15000€7)2|  +(13500e7)?|  ~/(20200€7)?.

shot 1/f therm

Here only a small (negligible) parallel shot noise (leakage current) contribution is assumed, which
is typical for liquid argon calorimeters.

aus: N Wermes in R L Workman et aI (Partlole Data Grouo) Proo Theor. Exp. Ph;Ls 2022, 083001 (2022)

™ - Institute for
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DONE!

Thank you all for your participation.
If you are interested in HiWi positions or a thesis on
“technical” topics in physics please get in touch!
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